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a  b  s  t  r a  c  t
Graphene  platelets  (GPLs) containing  Al2O3 nanocomposites,  which  exhibit anisotropic  microstructure,
have  been prepared  by spark  plasma sintering  (SPS), and effects  of this anisotropy on mechanical, elec-
trical  and thermal properties  of the  nanocomposites  have been  investigated. 3  vol.% GPLs  addition  into
monolithic  Al2O3 caused  fracture toughness  (Kıc) to  increase by 26.7%  in the  in-plane  direction  and  to
decrease  by 17.2% in the through thickness  direction.  Kıc started to decrease  in  the  in-plane direction and
to  increase  in the  through-thickness  direction  with  further  increase  in the  GPLs amount.  The  electrical
conductivity  of the  nanocomposites exhibited  a  slight  anisotropy with  a lower  resistivity in  the  in-plane
direction.  Oriented  GPLs  also  led  to  a less  resistive heat  conduction path in the  in-plane direction.  ∼44%
increase  in the  in-plane thermal conductivity was achieved  at  600 ◦C  with  15  vol.%  GPLs addition  into  the
monolithic  Al2O3 and this resulted  in  ∼52%  increase  in  the kin-plane/kthrough-thickness ratio.
1. Introduction
Nanocomposites, which exhibit superior mechanical and phys-
ical properties compared to their respective matrix materials, are
among the most technologically promising materials to meet the
worldwide demand for high performance applications in many
fields. In that respect, development of novel nanocomposites with
improved properties plays a  critical role to extend their use in
industry.
Carbon-based fillers, especially carbon nanotubes (CNTs), have
been widely utilized in nanocomposite research in order to  improve
structural and functional properties of various host materials
[1–3]. Graphene-based materials are also promising candidates
as filler materials in  nanocomposites due to their unique com-
bination of outstanding mechanical properties and exceptionally
high thermal and electrical conductivities, as well as their two
dimensional nature and high aspect ratio. Studies on nanocom-
posites containing graphene-based materials have been mainly
focused on polymer matrices and it has been shown that significant
multifunctional property enhancements are possible even at low
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filler contents. Recent achievements and advances in graphene-
based polymer matrix composites have been reviewed by many
authors [4,5]. However, potential of graphene-based fillers also
in ceramic-matrix nanocomposites has been realized in  recent
years. Although high mechanical strength, thermal resistance
and good chemical stability of monolithic ceramics make them
promising materials for high technology applications such as
electronics, defense, aerospace and transportation, their brit-
tle and electrically insulating nature limit their use in these
potential applications. Wear resistant and structural materials
for extreme environments, such as high temperature/pressure,
nuclear  radiation, and chemicals, are required to be both strong
and tough [6]. It is also challenging to shape these materials
into complex geometries due to their brittle nature. Manufac-
turing of complex-shaped ceramic parts is possible by electro
discharge machining (EDM), if the material has a  certain level
of electrical conductivity (>0.3–1 S/m) [7]. Therefore, it is essen-
tial to improve mechanical and electrical properties of ceramic
materials, which can be  obtained by nanocomposite formation.
Porwal et al. [8] have recently reviewed the state of the art for
graphene-based ceramic matrix nanocomposites. Although sig-
nificant improvements of mechanical and electrical properties
of monolithic ceramics have been reported with incorporation
of graphene-based materials, there are very limited number of
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studies where thermal properties of graphene-based ceramic-
matrix nanocomposites have been investigated [9,10].
GPLs generally have higher thickness compared to  few-layer
(2–5 layers) and multilayer (2–10 layers) graphene due to agglom-
eration and/or overlapping of individual sheets, but have a Raman
spectrum different from that of bulk graphite. GPLs are attrac-
tive fillers in nanocomposites since they can be easily produced
at a large scale by liquid phase exfoliation and may enable
one to develop multifunctional nanocomposites with anisotropic
properties for a  wide range of applications due to  their unique two-
dimensional geometry, high aspect ratio and stiffness. Due to their
relatively high thickness (up to 100 nm), GPLs can be preferentially
oriented in the matrix during spark plasma sintering (SPS) [9–12].
However, the number of studies where anisotropy in graphene-
based ceramic matrix nanocomposites was investigated in detail
is very limited. Centeno et al. [11] investigated effect of orienta-
tion of reduced graphene oxide sheets on mechanical properties
of Al2O3 matrix nanocomposites, but only for one composition
(i.e., 0.22 wt.% graphene—containing Al2O3). Ramirez et al. [12]
examined anisotropic electrical conductivity of GPLs—containing
Si3N4 nanocomposites as a function of orientation of the GPLs.
Miranzo et al. [9] investigated anisotropic thermal conductivity
of Si3N4 ceramics containing GPLs. Rutkowski et al. [10] have
very recently prepared Al2O3-GPLs composites by hot isostatic
pressing and SPS, and evaluated the correlation between mate-
rial anisotropy and thermal conductivity. The authors observed
anisotropic microstructure due to preferential orientation of GPLs
in perpendicular direction to pressing axis for hot pressed samples,
while not much anisotropy was observed for the spark plasma sin-
tered composites. Al2O3 has been one of the most widely utilized
matrix materials; however, the influence of anisotropy on mechan-
ical and functional properties of graphene-based materials/Al2O3
nanocomposites has not been clarified in depth, yet. Accordingly,
the research objectives of this study were to produce spark plasma
sintered Al2O3 matrix nanocomposites containing GPLs that were
prepared by liquid phase exfoliation as  a  filler, and to  develop an
understanding about effects of preferential orientation of GPLs in
the Al2O3 matrix on mechanical, electrical and thermal properties
of these nanocomposites.
2.  Experimental procedure
2.1.  GPLs/Al2O3 nanocomposite production
High concentration (∼1.3 mg/mL) graphene-based dispersions
were prepared by exfoliation of a high surface area (∼175 m2/g)
nano-graphite powder (Surface Enhanced Flake Graphite (Grade
3725), kindly provided by Asbury Carbons, Inc., USA) in isopropyl
alcohol (IPA) within 90 min of bath sonication followed by centrifu-
gation at 500 rpm for 45 min. a-Al2O3 powder (TM-DAR, Taimei
Chemicals Co., Japan—99.99% purity and ∼0.1 mm average particle
size) was dispersed separately in  IPA by magnetic stirring for ∼1 h in
combination with bath sonication for ∼5 min in every 15 min. The
graphene-based dispersion was then incorporated into the Al2O3
suspension during magnetic stirring in required amounts as to pro-
vide 3, 5, 7, 9, 10 and 15 vol.% GPLs and stirred for ∼45 min. The
resulting GPLs/Al2O3 mixtures were ball-milled in IPA at 200 rpm
for 3 h using yttria-stabilized ZrO2 balls. The milled slurry was
dried by rotary evaporator and then ground in an agate mortar.
Well dispersed GPLs/Al2O3 powder was then loaded into a 14 mm
inner diameter graphite die and sintered by spark plasma sintering
(SPS, FCT Systeme GmbH—Anlagenbau, Germany) at 1250–1600 ◦C
(depending on the graphene content) for 5 min under a uniaxial
pressure of 50 MPa. The dimensions of the sintered samples were
ca. 14 mm in diameter and 8 mm in thickness. SPS method enables
rapid  heating rates and applying pressure simultaneously; there-
fore, it limits thermally induced structural damage to the graphene
by avoiding long processing times at high temperatures [13]. As a
result of the applied pressure during SPS, GPLs are preferentially
oriented in the matrix with their basal planes perpendicular to
the SPS pressing axis, as shown in Fig. 1. The direction parallel
to the SPS pressing axis will be referred to  as through-thickness
and the direction perpendicular to the SPS pressing axis will be
referred to as in-plane direction, from now on. Mechanical, ther-
mal and electrical characterizations of the nanocomposites were
performed by taking this anisotropy into consideration. Samples
with ca. 8 mm ×  8 mm × 1–2 mm were cut along both the in-plane
and through-thickness directions for further characterization.
Density of the nanocomposites was measured by Archimedes
method with water immersion. In order to determine their relative
density, the theoretical density of the nanocomposites was cal-
culated by the volume-based rule of mixtures assuming densities
of 3.96 g/cm3 and 2.2 g/cm3 for Al2O3 and GPLs, respectively. The
microstructure of the samples was characterized by field emission
gun—scanning electron microscope (FEG-SEM, Supra 50 VP). Micro-
Raman analyses of the initial GPLs, the as-prepared 10 vol.% GPLs
containing Al2O3 powder and of the 10 vol.% GPLs/Al2O3 nanocom-
posites (on both through-thickness and in-plane directions) were
performed on a Renishaw Invia spectrometer using 532 nm laser
excitation and 100× objective lens. The laser power was kept below
1 mW in order to prevent sample damage. 50 spectra were recorded
(each one at a different location) for these samples to create statis-
tical histogram of the ID/IG ratio.
2.2. Mechanical characterization
Vickers  hardness tests were performed by applying a force of
2 kg on the polished sample surfaces. Hardness and fracture tough-
ness values of the monolithic Al2O3 and the nanocomposites were
determined from Vickers indentations (average of three indenta-
tions) and the corresponding crack-length measurements using the
equations developed by Evans and Charles [14].
2.3. Electrical characterization
Electrical measurements were also performed along both in-
plane and through-thickness directions. The resistance of the
samples was first measured by Signatone semi-automatic probe
station connected to Keithley 4200 semiconductor characteriza-
tion system. Au-Pd coating was applied to  the surfaces of interest
by sputtering. Monolithic Al2O3 and nanocomposites with 3, 5
and 7 vol.% GPLs exhibited high resistance, while nanocompos-
ites with higher GPLs contents showed conductive behavior. In
order to  eliminate the possible effect of sample thickness on the
orientation dependent conductivity measurements, cubic samples
(∼5 mm ×  5 mm × 5 mm) were cut from the sintered nanocompos-
ites with 9, 10 and 15 vol.% GPLs. The corresponding surfaces of the
Fig. 1.  Schematic  representation  of orientation of GPLs in the matrix  with  the help
of applied  pressure during  SPS process.
Fig.  2. FEG-SEM micrographs of  fracture  surfaces of (a)  monolithic  Al2O3 and  of nanocomposites  with GPLs  contents of (b) 3  vol.%,  (c)  5  vol.%, (d) 7  vol.%,  (e)  10 vol.%  and  (f)
15  vol.%.  Arrows indicate  the  aligned  protruded  and  pulled-out  GPLs;  dashed  circle shows  the pulled-out  GPLs.
cubic samples were coated with Au-Pd before each measurement.
The resistance values were measured by Agilent 4294 Precision
Impedance Analyzer in through-thickness and in-plane directions
and the corresponding conductivity values were then calculated.
2.4.  Thermal characterization
In-plane and through-thickness thermal diffusivity measure-
ments were carried out from room temperature up to 600 ◦C at
intervals of ∼100 ◦C  in N2 atmosphere by laser flash method using
Netzsch LFA 457 Microflash (USA) equipment. Three shots were
recorded per temperature for each sample and the data were aver-
aged. Specific heat (Cp) measurements of the monolithic Al2O3 and
the nanocomposites with 3, 7, 10 and 15 vol.% GPLs contents were
carried out by a  differential scanning calorimeter (Netzsch STA
449F3, USA) in 42–700 ◦C temperature range in N2 atmosphere
using a sapphire crystal as a reference. The Cp values at room
temperature and of the 5 and 15 vol.% GPLs/Al2O3 samples were
determined by extrapolation and interpolation of the measured
data. The corresponding thermal conductivity (k) values were cal-
culated by using the following equation [15]:
k =  ˛ ×  ×  Cp (1)
where a and  represent the thermal diffusivity and density,
respectively.
3. Results and discussion
3.1.  Microstructure development
The  exfoliated nano-graphite powder used in the present study
is mostly composed of few-layer (<5 layers) graphene sheets with
a lateral size of <1 mm (∼400 nm in average diameter of equiva-
lent spherical particle as determined by dynamic light scattering
analysis) as confirmed by high resolution TEM and Raman analy-
ses. However, the individual few-layer graphene sheets are usually
folded, scrolled and entangled each other during processing, form-
ing the so-called GPLs in this study.
Each nanocomposite was sintered at a specific temperature
depending on their GPLs content to ensure that all the nanocom-
posites exhibit as high densification as possible. As a result, the
monolithic Al2O3 and the nanocomposites were highly densified
with relative densities of ≥98.5%. Table 1 shows sintering tem-
peratures of the nanocomposites depending on the GPLs content
and the resultant grain size of the nanocomposites. Sintering of
each sample at their optimum sintering temperature enables one
Table  1
Sintering  temperature,  relative  density  and  mean  grain  size for the monolithic  Al2O3 and  the nanocomposites.
GPLs  content (vol.%)  Sintering  temperature (◦C) Relative density  (%TD)  Mean  grain  size  (mm)
0 1250 100  2.39
3  1350 99.6  Bimodal  (0.70, 1.40)
5  1400  99.4  1.27
7  1450 98.7  1.31
9  1500  99.2  1.31
10  1525  98.7  1.36
15  1600  98.5  1.33
Table  2
Mechanical  properties of  GPLs/alumina nanocomposites.
GPLs  content (vol.%) Hardness (GPa) KIC (through-thickness)  (MPa  m
1/2) KIC (in-plane)  (MPa  m
1/2)
0 18.4  ± 0.86 2.9  ± 0.06 3.0 ± 0.14
3  16.2  ± 0.11 2.4  ± 0.03  3.8  ± 0.13
5  15.1  ± 0.27 2.6  ± 0.06  3.6  ± 0.15
7  13.1  ± 0.33 2.8  ± 0.02 3.0 ± 0.05
9  11.8  ± 0.12 3.0 ± 0.11  3.1  ± 0.06
10  11.3  ± 0.18 3.2  ± 0.10  2.8  ± 0.05
15  9.8  ± 0.19 3.2  ± 0.06  2.6  ± 0.05
to investigate the effect of GPLs on  the mechanical properties more
clearly by eliminating the effect of grain size on these properties.
As could be expected, the sintering temperature increased with the
GPLs content.
Fig. 2 shows FEG-SEM micrographs of the fracture surfaces
of sintered monolithic Al2O3 and nanocomposites. The mono-
lithic Al2O3 is composed of equiaxed-shaped faceted grains with
∼2.4 mm in size in  average (determined by ImageJ software)
(Fig. 2a). Addition of GPLs inhibited grain growth of Al2O3 resulting
in a finer microstructure (Table 1 and Fig. 2). This could be attributed
to the pinning effect of uniformly distributed GPLs which hin-
ders movement of grain boundaries. Except for the nanocomposite
with 3 vol.% GPLs content, the fracture surfaces of the sintered
nanocomposites revealed mostly uniform microstructures indicat-
ing the homogeneous distribution of GPLs throughout the matrix
(Fig. 2). It can be clearly seen from these micrographs that some
of the GPLs are agglomerated and overlapped forming flakes with
∼50 nm in thickness, while the thinner ones are located around
the matrix grains and cannot be easily observed. The thick GPLs
are aligned in the matrix with their basal planes perpendicular
to the SPS pressing axis, leading to  an anisotropic microstructure
(Fig. 2b–f); consequently, orientation dependent fracture tough-
ness values were observed. 3 vol.% GPLs containing nanocomposite
exhibited a  bimodal microstructure with some very fine (∼0.7 mm
in diameter), faceted and equiaxed matrix grains, as well as rela-
tively larger grains (∼1.4 mm in average) (Fig. 2b). This may indicate
that 3 vol.% GPLs content is not sufficient to be distributed around
most of the Al2O3 grains in the matrix; therefore, different grain
growth rates were observed in the microstructure. Higher GPLs
loadings resulted in much more uniform microstructures.
3.2. Mechanical properties
The  fracture surface of monolithic Al2O3 revealed an intergranu-
lar fracture mode, while the GPLs/Al2O3 nanocomposites exhibited
a combination of transgranular and intergranular fractures (Fig. 2).
The trend of the Al2O3 grains to fracture transgranularly in the
nanocomposites indicates the improved interfacial strength, rel-
ative to the grain strength. The fracture mode and the mechanical
properties of ceramic nanocomposites strongly depend on the
strength of grain boundaries. The strong boundary may force the
cracks to deflect into the matrix grain, resulting in a  transgranular
fracture [16]. Fan et al. [17] reported that the phenomena of trans-
granular fracture increases in milled expanded graphite containing
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Fig. 3.  Through-thickness  and  in-plane  fracture  toughness  values  of GPLs/Al2O3
nanocomposites  as  a function of  GPLs content.
Al2O3 nanocomposites compared to  monolithic Al2O3,  suggesting
the high strength of the graphene-based material, as in agreement
with the present study. On the other hand, Wang et al. [18] reported
that their reduced graphene oxide-based Al2O3 nanocomposite
exhibited predominantly intergranular fracture mode. The authors
explained this phenomenon by the existence of residual stress at
the Al2O3 grain boundaries caused by thermal expansion mismatch
which may weaken the interface boundaries. The differences in
fracture modes observed in various studies can be attributed to
the differences in graphene-based materials (in terms of thickness,
aspect ratio, quality, etc.) and to the differences in nanocomposite
production techniques, as also highlighted by Dusza et al. [19].
Table  2  shows the mechanical properties of the monolithic Al2O3
and the GPLs/Al2O3 nanocomposites. It was observed that hardness
values decreased with GPLs content, although the nanocomposites
have a  much finer microstructure in  comparison to the monolithic
Al2O3. This can be  explained by sliding or cleavage of GPLs under
the in-plane and out-of plane stresses, as suggested by Fan et al.
[20].
Fracture toughness of the monolithic Al2O3 and the nanocom-
posites as  a function of GPLs content is plotted along both
through-thickness and in-plane directions in Fig. 3. Preferential ori-
entation of GPLs throughout the matrix resulted in anisotropy in the
Fig.  4. FEG-SEM  micrographs  of in-plane  crack  paths (created by  indentation)  of (a)  monolithic  Al2O3 and  of GPLs/Al2O3 nanocomposites  with (b) 3  vol.%, (c) 5  vol.%,  (d)
7  vol.% GPLs,  (e) 10  vol.%,  and (f) 15  vol.%  GPLs. The magnification  of  (e) and (f) is  higher  than that of (a)–(d).
fracture toughness values. Fracture toughness of monolithic Al2O3
was almost the same in the in-plane and through-thickness direc-
tions (3.0 and 2.9 MPa m1/2, respectively). It increased by ∼26.7%
in the in-plane direction and decreased by ∼17.2% in through
thickness direction with the addition of 3 vol.% GPLs into the
monolithic Al2O3 (Fig. 3). The FEG-SEM micrograph of the frac-
ture surface of this nanocomposite revealed the protruded and
pulled-out thick GPLs, which are aligned mostly through the in-
plane direction (Fig. 2). The change of the fracture mode from
intergranular to transgranular with the introduction of GPLs into
the monolithic Al2O3 is a clear indication of improved interfacial
strength; however, it is clear that this bonding is weak enough to
allow de-bonding at the GPLs-Al2O3 interface in the in-plane direc-
tion. Delamination of the GPLs themselves may also occur. As a
result, energy that would normally cause crack propagation is par-
tially expended by de-bonding and shear, resulting in  an increase
in fracture toughness [21]. Accordingly, pull-out was supposed to
be the main toughening mechanism for the 3  vol.% GPLs containing
Al2O3 nanocomposite in the in-plane direction. Further increase
in GPLs content started to decrease the in-plane fracture tough-
ness (Fig. 3, Table 2). The highest GPLs loading (15 vol.%) resulted
in a reduction in the fracture toughness by ∼13.3% and ∼31.6%
compared to the monolithic Al2O3 and the 3 vol.% GPLs containing
nanocomposite, respectively. The decrease in the fracture tough-
ness could be attributed to weakening of the interface after a certain
amount of GPLs loadings (>3 vol.%).
Fig. 4a–d show in-plane crack paths originating from the Vick-
ers indentations on the monolithic Al2O3 and the nanocomposites
with 3, 5 and 7 vol.% GPLs contents. The crack paths of the nanocom-
posites revealed both straight and tortuous regions indicating that
the fracture is a mixture of intergranular and transgranular modes,
as in agreement with the fracture surfaces. GPLs showed a higher
tendency to agglomerate and to overlap at higher loadings. As a
result of this agglomeration/overlapping, the amount of large pores
between the matrix grains and the thick GPLs increased resulting
in weakening of the interfacial bonding in the in-plane direction
(Fig. 4e and f). This is in agreement with Liu et al. [22] who reported
that the large pores are thought to be the origin of the fractures and
reduce the strength of ceramic composites. Dusza et al. [19] pre-
pared Si3N4 matrix nanocomposites using various graphene-based
materials with different geometry, length/width and thickness.
Similarly, they observed that the GPLs with larger lateral size and
higher thickness, and overlapped GPLs are usually connected with
porosity, which may result in a weak adhesion bond of GPLs/matrix
and lower energy dissipation during pull-out [19].
The decrease in the through-thickness fracture toughness with
3 vol.% GPLs addition could be attributed to the GPLs-Al2O3 inter-
face which might be too strong in that direction; therefore,
the possible pull-out or bridging mechanisms are prevented and
the crack is forced to  pass through the GPLs. Further increase
in GPLs amount started to  increase the fracture toughness in
through-thickness direction, and the fracture toughness of the
nanocomposites got higher than that of the monolithic Al2O3
at GPLs loadings of ≥9 vol.% (Fig. 3). Fig. 5 shows the FEG-SEM
micrographs of the through-thickness crack paths originating
from the Vickers indentations on the monolithic Al2O3 and the
nanocomposites with 3, 5, 7, 10 and 15 vol.% GPLs contents. The
crack path of the 5 vol.% GPLs/Al2O3 nanocomposite, which exhib-
ited a slightly higher fracture toughness than that of the 3 vol.%
GPLs/Al2O3 nanocomposite, but that is still lower than that of the
monolithic alumina, showed a  damaged GPLs induced by crack pen-
etration through it (Fig. 5c). Crack deflection and crack bridging
were observed as the main toughening mechanisms in through-
thickness direction especially at relatively low GPLs loadings
(∼5–7 vol.%) (Fig. 5c and d). Increasing GPLs content to ≥9 vol.% led
to a  much more tortuous and narrower crack path (Fig. 5e–f). Crack
branching appeared for the 15 vol.% GPLs containing nanocom-
posite as a  dominant toughening mechanism (Fig. 5f), resulting
in ∼10% and ∼33% increase in fracture toughness with respect to
the monolithic Al2O3 and the 3  vol.% GPLs containing nanocom-
posite, respectively (Fig. 3,  Table 2). These results revealed that
the mechanical properties of the GPLs/Al2O3 nanocomposites are
strongly affected by the orientation of the GPLs throughout the
matrix.
In contrast to relatively high improvements of fracture
toughness of ceramic materials with graphene-based material rein-
forcing, such as  75% and 135% improvements as reported by Kim
et al. [6] and Walker et al. [13], respectively; lower increment
has been achieved in the present study. The relatively low frac-
ture toughness values could arise from the tendency of the GPLs to
Fig.  5.  FEG-SEM  micrographs of through-thickness  crack  paths  (created by indentation)  of (a) monolithic  Al2O3 and  of GPLs/Al2O3 nanocomposites  with (b) 3  vol.%, (c)  5  vol.%,
(d)  7 vol.%,  (e) 10 vol.%  and (f)  15 vol.%  GPLs.
agglomerate and to overlap especially at relatively high loadings,
and from lower aspect ratio of the GPLs used in the present study.
The extent of the final toughening strongly depends on the aspect
ratio of the graphene-based material and high aspect ratio platelets
are generally found to be more beneficial to the mechanical prop-
erties of a composite [4]. The intrinsic mechanical properties of
the graphene-based fillers also play an important role in their
reinforcement efficiency. Kim et al. [6] produced graphene-based
alumina nanocomposites by pressureless sintering using differ-
ent graphene-based materials (chemically exfoliated graphene,
graphene oxide and reduced-graphene oxide) and compared the
mechanical properties of these nanocomposites. They reported that
the ultra-thin (2–5 nm) chemically exfoliated graphene (0.5 vol.%),
which has the lowest defects, provided the greatest improvement
(∼75%) in fracture toughness compared to monolithic Al2O3 [6].
Graphene oxide and reduced-graphene oxide showed little or less
enhancement of fracture toughness (by 14% and 48%, respectively)
due to degraded mechanical strength of the reduced-graphene
oxide and the structural defects of the graphene oxide composites
[6].
The defects may originate intrinsically from the initial GPLs or
can be formed during processing of the nanocomposites. Raman
spectroscopy was used to  evaluate the quality of the GPLs in the
nanocomposites before and after SPS process in order to compare
with the initial GPLs.
Fig.  6. Raman  spectra  of the  (a)  Initial  GPLs,  (b) 10 vol.%  GPLs/Al2O3 powder  (before
SPS),  (c) 10 vol.%  GPLs/Al2O3 nanocomposite  in through-thickness direction, and (d)
10 vol.%  GPLs/Al2O3 nanocomposite  in  in-plane  direction. The  spectra are  normal-
ized  to the  G-band.
3.3. Raman measurements
Fig.  6 shows Raman spectra of the initial GPLs, as-prepared
10 vol.% GPLs-containing Al2O3 powder (before SPS) and of the
10 vol.% GPLs/Al2O3 nanocomposite both in through-thickness and
in-plane directions, and Table 3 gives a summary of the measured
Raman characteristics. Each spectrum shows a  G-band, which is
related to  the stretching of the C C bond in graphitic materials
and is common to all sp2-bonded carbon systems, the so-called
disorder/defect-induced D and D′-bands, and the second order 2D-
band which is attributed to a second-order process related to a
phonon near the K point in graphene and activated by double res-
onance process [23] (Fig. 6). The shape of the 2D-band of all the
samples is distinctly different from that of graphite which consists
of two peaks [23]. This indicates the presence of few-layer (2–5 lay-
ers) and/or multi-layer (5–10 layers) graphene flakes both in the
initial graphene-based material and in the nanocomposites. It was
also observed that the G-band of the as-prepared GPLs/Al2O3 pow-
der and the sintered GPLs/Al2O3 nanocomposite was blue-shifted
by ∼7 cm−1 and −10 cm−1, respectively, accompanied by a band-
width broadening in comparison to that of initial GPLs (Fig. 6,
Table 3). The blue-shift and broadening of the G-band frequency
and width, respectively, observed in the nanocomposites can be
attributed to charge doping induced by the Al2O3 matrix [24,25]. It
has been shown that the G-band position upshifts for both electron
and hole doping [25].
The  Raman spectra of the as-prepared 10 vol.% GPLs/Al2O3
powder and of the sintered 10 vol.% GPLs/Al2O3 nanocomposite
revealed an increase in the intensity of the D′-band (at ∼1620 cm−1)
compared to that of the initial GPLs indicating an increment in
the amount of defects (Fig. 6). The intensity ratio of the D-band
to G-band (ID/IG) is generally used to characterize defect content
quantitatively [23]. Fig. 7 shows statistical histograms of the ID/IG
ratio for the initial GPLs, 10 vol.% GPLs containing Al2O3 powder
before sintering and the sintered 10 vol.% GPLs containing Al2O3
Fig.  7. Statistical  histogram  of the  D-band  intensity  to  G-band  intensity  ratios (ID/IG) derived  from 50  Raman  spectra. (a)  Initial  GPLs,  (b) 10 vol.%  GPLs/Al2O3 powder (before
SPS),  (c) 10  vol.% GPLs/Al2O3 nanocomposite  in through-thickness  direction, and  (d)  10  vol.%  GPLs/Al2O3 nanocomposite  in  in-plane  direction.  The  distribution  curves indicate
the  mean  of  the  data.
Table  3
Raman  features  of  the  GPLs, 10  vol.% GPLs  containing  Al2O3 powder and of  the  sintered 10 vol.%  GPLs/Al2O3 nanocomposite recorded for both in-plane  (⊥) and  through-
thickness  (//)  directions.  The data  are the average  of  50 spectra.
GPLs (initial) 10%  GPLs/Al2O3 (before  SPS) 10%  GPLs/Al2O3 (//)  10%  GPLs/Al2O3 (⊥)
G-band  v  (cm−1)  1574  1581  1584  1584
G-bandFWHM  (cm−1) 25  28  29  30
ID/IG 0.24 ± 0.01  0.50 ± 0.02 0.52  ± 0.02 0.60  ± 0.02
nanocomposite both in through-thickness and in-plane directions.
While the ID/IG ratio of the initial GPLs ranged from ∼0.05 to  ∼0.55
with a mean value of ∼0.24, this ratio varied from ∼0.2 to ∼0.8 with
a mean value of ∼0.5 for the 10 vol.% GPLs/Al2O3 powder (Fig. 7a and
b). The significant increase in the ID/IG ratio indicates that the pow-
der preparation process (i.e., ball milling) introduced some defects
into GPLs. Sintering of this powder did not alter the ID/IG ratio much
(a mean value of 0.52 in through-thickness direction) revealing
that the SPS process does not damage GPLs, as in agreement with
Miranzo et al. [9]. However, the ID/IG ratio of the nanocomposite
was slightly higher for the in-plane direction, which ranged from
∼0.3 to ∼1 with a mean value of ∼0.6, than that of the through-
thickness direction (Fig. 7c and d). Higher ID/IG ratio in  the in-plane
direction arises from the presence of more flake edges in that direc-
tion, confirming the anisotropic structure of the nanocomposites.
Centeno et al. [11] observed a similar orientation influence on  the
Raman spectra of their reduced graphene oxide/Al2O3 nanocom-
posites; however, the ID/IG ratios of their nanocomposites are much
higher (∼1.13 for the in-plane direction and ∼0.83 for the through-
thickness direction). It should be also noted that no correlation was
observed between the graphene orientation in the nanocompos-
ites and Raman signal intensity, in contrast to the observations of
Centeno et al. [11].
3.4.  Electrical properties
The  electrical conductivity of composites, which are formed by
addition of a  conductive filler into an insulating material, follows
a power-law near the percolation threshold [26,27] and can be
expressed by the classical percolation theory as:
el(c) = 0(ϕ − ϕc)
tc forϕ > ϕc (2)
where  el(c) is the conductivity of the composite, 0 is a parame-
ter depending on the electrical conductivity of the filler material,
tc is the critical exponent, and ϕ and ϕc are the volume frac-
tion and the critical volume fraction (percolation threshold) of the
filler material, respectively. The critical exponent is  universal, with
most widely accepted values of 1.3 and 1.94 for two-dimensional
and three-dimensional percolating systems, respectively [27]. It
depends only on the type of percolation model and on  the dimen-
sionality of the system [28]. ϕc depends on the filler geometry,
dispersion, and nature of the conduction between particles. There-
fore, finding values of tc and ϕc enables one to understand the
nature of particle dispersions and percolation processes [29]. These
values can be determined by fitting of the experimental data to the
percolation model.
Fig.  8 shows the electrical conductivity of the monolithic Al2O3
and the GPLs/Al2O3 nanocomposites in the in-plane and through
thickness directions as a function of the GPLs content. ϕc,  tc and
0 parameters were determined for both in-plane and through-
thickness directions by fitting the experimental data to Eq. (2)
(the red solid lines in Fig. 8). The fitting parameters are shown
in Table 4. The log-log plots of  versus (ϕ − ϕc) shown in the
inset of Fig. 8 reveal linear relationships indicating a good fit
(R2 is 0.992 and 0.998 for the in-plane and through-thickness
directions, respectively). Fig. 8 shows that the monolithic Al2O3
and the nanocomposites with GPLs contents up to 7 vol.% exhib-
Fig. 8. In-plane and  through-thickness  electrical conductivities  of  GPLs/Al2O3
nanocomposites  at  room  temperature.  The solid  lines are  fittings to  Eq.  (2).  Inset
is the double-logarithmic  plot  of electrical conductivity  versus (ϕ − ϕc),  showing  a
linear relationship  (R2 is 0.992 and 0.998 for  the in-plane  and through-thickness
directions,  respectively).
Table  4
Fitting  parameters  of the electrical conductivity  data  depending  on  the GPLs  content
determined both in  the  in-plane  and  through-thickness  directions by fitting  the
experimental data  to the  classical  percolation  theory (Eq. (2)).
0 ϕc tc Adj  R2
In-plane  0.343  ± 0.56 7.1 ± 1.36  1.97  ±  0.62  0.9993
Through-thickness  0.360 ± 0.18 7.5 ± 0.46  1.60  ±  0.2  0.9997
ited insulating behavior with electrical conductivities in  the range
of ∼10−10–10−8 S/m. When the GPLs amount was increased to
9 vol.%, the electrical conductivity increased sharply by ∼9 orders
of magnitude compared to the monolithic Al2O3 leading to an
electrically conductive nanocomposite with 1.42 and 0.74 S/m con-
ductivity values in the in-plane and through-thickness directions,
respectively. This increase is attributed to  formation of a  con-
ductive network by interconnected GPLs resulting in an electrical
percolation. The fittings of the experimental data gave percola-
tion threshold (ϕc) of ∼7.1 ± 1.36 and ∼7.5 ±  0.46 vol.% for the
in-plane and through-thickness directions, respectively, revealing
that preferential orientation of GPLs has not affected the percola-
tion threshold much, as  in agreement with Ramirez et al. [12] who
reported similar ϕc values to those observed in the present study.
It should be noted that GPLs loadings higher than the percolation
threshold extended the improvement of the electrical conductivity
(Fig. 8). This phenomenon is in agreement with previous studies
[11,17,30] and could be attributed to an increase in the number of
interconnections between GPLs with increasing GPLs amount.
Even  though there is an obvious preferential orientation of
GPLs throughout the matrix as it was confirmed by the SEM
micrographs and Raman analyses, the electrical conductivity of
the nanocomposites exhibited a  slight anisotropy depending on
the orientation of GPLs with a slightly lower resistivity in the
in-plane direction. The in-plane conductivity of the nanocompos-
ites is ∼2–3× of the conductivity in through-thickness direction.
The lower anisotropy than expected could be attributed to  the
presence of some misaligned/rotated GPLs with respect to the
alignment plane (in-plane direction) of most of the GPLs which
oriented during SPS process, as suggested by Ramirez et al. [12],
who reported in-plane to through-thickness electrical conductiv-
ity ratio of 10–25 for their GPLs/Si3N4 composites. Moreover, the
electrical conductivity of a  composite can be improved by filler
material either through establishing a  new conductive path in the
matrix or through increasing the cross area of the formed path,
which is the thickness of graphene flakes in case of graphene-based
nanocomposites [30]. At high graphene-based material loadings,
the probability of agglomeration and overlapping increases result-
ing in an increment in the thickness of graphene flakes [30]. In
this case, second mechanism becomes dominant and the electri-
cal conductivity increases in  the through-thickness direction, as
well as in the in-plane direction. This phenomenon is also sup-
posed to be effective in the relatively low anisotropy observed
for the electrical conductivity of the GPLs/Al2O3 nanocomposites.
Thin few-layer graphene flakes, which locate at the grain bound-
aries and around the matrix grains, could also affect the anisotropy
in the electrical conductivity. The fitting of the experimental data
yielded tc values of 1.97 ± 0.62 and 1.60 ± 0.2 for the in-plane and
through-thickness directions, respectively. The tc value determined
for the in-plane direction is in excellent fit with the expected value
(∼1.94) for three-dimensional percolating systems indicating the
three-dimensional network of GPLs in the nanocomposites above
the percolation threshold. This result is  in agreement with the rel-
atively low anisotropy in electrical conductivity and with similar
ϕc values observed in both directions. The lower tc value observed
for the through-thickness direction in comparison to  the in-plane
direction could be attributed to a  percolation which takes place in
a network with more ‘dead arms’ or weakly connected parts than a
classical random network [1,3] or to a quasi-two-dimensional net-
work of GPLs with a combination of two- and three-dimensional
organizations. Fan et al. [17] reported tc value of 1.54 for the
GPLs/Al2O3 composites and attributed the low value of tc to some
preferential orientation of GPLs in the in-plane direction. However,
the authors did not make any orientation dependent measurements
[17]. Ramirez et al. [12] estimated tc =  0.89 and tc =  2.05 for the in-
plane and through-thickness electrical conductivity data of their
GPLs/Si3N4 composites and attributed the observation of larger
tc exponent for the through-thickness direction compared to the
in-plane direction to a broader range of inter-particle connectivity.
The maximum electrical conductivities achieved in the present
study are ∼20.1 and ∼9.1 S/m for the 15 vol.% GPLs/Al2O3
nanocomposite in the in-plane and through-thickness directions,
respectively (Fig. 8). Although these values are sufficiently high
for EDM process, they are much lower than the one reported
by Fan et al. [17], who achieved 5709 S/m electrical conductiv-
ity for the same amount of graphene-based material in the Al2O3
matrix. This difference can be attributed to the preferential ori-
entation of graphene flakes throughout the matrix which may
raise the percolation threshold [4], and also to  different charac-
teristics of the graphene-based materials used for the composite
production, such as lower lateral size and aspect ratio which
may affect the percolation threshold and electrical conductiv-
ity. Fan et al. [17] used ball milling to grind expanded graphite
with Al2O3 and obtained graphene-based material with mostly
∼2.5–20 nm in thickness; however, they did not give informa-
tion about the lateral size of these flakes. The GPLs utilized in
the present study are small in  lateral size (mostly <1 mm) and
it is known that smaller graphene flakes result in more junc-
tions and consequently in  lower conductivity due to the effect of
inter-flake junction resistances [31,32]. Moreover, higher amount
of GPLs is required to form a conductive network when flakes
Fig. 9. Specific heat  values  of the monolithic  Al2O3 and  the GPLs/Al2O3 nanocom-
posites  (a) experimental  values.
with a smaller lateral size are used. Recently, Fan et al. [30] pro-
duced few-layer graphene (<5 nm)/Al2O3 nanocomposites by spark
plasma sintering of graphene oxide/Al2O3 hybrids prepared by col-
loidal processing with a simultaneous reduction of GO. The authors
achieved a  percolation threshold as low as  0.38 vol.% and obtained a
conductivity of 1038.15 S/m by increasing the graphene content to
2.35 vol.% [30]. They attributed this lower percolation to  homoge-
neous dispersion of very thin few-layer graphene in the matrix, high
quality of the as  prepared few-layer graphene and to  better con-
tact between conductive nanoparticles [30]. If compared with CNT
containing systems, Rul et al. [1] prepared SWNT-MgAl2O4 com-
posites with a homogeneous distribution of SWNTs between matrix
grains by in-situ catalytic chemical vapor deposition method. They
investigated the electrical conductivity of the composites with 0.23
and 24.5 vol.% CNT content and reported a percolation threshold
of 0.64 vol.% and a conductivity of 0.4–850 S/m depending on the
CNT content [1]. Zhan et al. [33] reported electrical conductivity of
3345 S/m for 15 vol.% SWNT containing Al2O3 nanocomposite.
3.5. Thermal properties
Thermal properties of the GPLs/Al2O3 nanocomposites were
investigated as  a function of temperature, graphene content and
orientation of GPLs in the matrix. Fig. 9 shows the Cp values of the
monolithic Al2O3 and the GPLs/Al2O3 nanocomposites as a  func-
tion of temperature determined by DSC measurements. The Cp of
all the samples increased with temperature (Fig. 9). Heat is gener-
ally stored by phonons and free electrons of a  material; however,
for graphite and graphene, phonons dominate the specific heat
at all practical temperatures (>1 K), and the phonon specific heat
increases with temperature [34,35]. Fig. 9 reveals that the Cp val-
ues increase with graphene addition, as in agreement with Miranzo
et al. [9]. Similar behavior was also reported by Kumari et al. [36] for
the CNT-Al2O3 nanocomposite systems, the heat capacity of which
is much higher than that of the monolithic Al2O3.
The thermal conductivity of the monolithic Al2O3 and the
GPLs/Al2O3 nanocomposites decreased with increasing tempera-
ture both in the in-plane and the through-thickness directions
(Fig. 10). This behavior is  characteristic of crystalline solids and
is attributed to phonon-phonon Umklapp scattering, which makes
major contribution to thermal conductivity at high temperatures as
reducing the phonon mean free path [36–38]. In through-thickness
direction, the monolithic Al2O3 exhibited higher thermal con-
ductivity than that of the GPLs/Al2O3 nanocomposites within the
measured temperature range, and the thermal conductivity values
Fig.  10. Through-thickness  (a)  and  in-plane  (b) thermal conductivities  of  the mono-
lithic Al2O3 and  the  GPLs/Al2O3 nanocomposites  as a function of temperature.
decreased with increasing GPLs amount (Fig. 10a). The decrease
in the thermal conductivity of monolithic Al2O3 with GPLs addi-
tion could be attributed mainly to interfacial thermal resistance
between GPLs and Al2O3 grains [37–39]. Although graphene has
extremely high intrinsic thermal conductivity in its suspended form
(∼5000 W m−1 K−1 at room temperature) [40], the final thermal
properties of its potential applications, such as  nanocomposites,
are strongly affected by the interfacial thermal barrier. Interfacial
thermal resistance, also known as thermal boundary resistance, at
the interface of graphene with other materials, has a  non-zero value
even at the perfect interfaces owing to differences in the phonon
density of states [38]. This effect is known as Kapitza resistance
[41]. The actual thermal boundary resistance is usually higher than
the Kapitza resistance owing to  interface imperfections. Graphene
thermal coupling to other materials depend on the surface rough-
ness, presence or  absence of suspended regions in graphene layers,
and methods of graphene preparation [38]. Thermal expansion
coefficient mismatch between the Al2O3 matrix and the graphene
platelets might have caused a thermal stress leading to a separation
at the interface forming gaps. This leads to an increase in the con-
tact resistance and a  decrease in the effective heat dissipation [42].
Moreover, as shown in Fig. 3, GPLs addition into monolithic Al2O3
led to a much finer microstructure; consequently, the amount of
grain boundaries and interfaces, which act as scattering regions
for phonons leading to a  reduction in lattice thermal conductivity,
increased. Interfacial thermal resistance decreases with tempera-
ture  following a typical trend for Kapitza resistance [38]. This could
be the reason of the reduced difference within the thermal conduc-
tivity values of the monolithic Al2O3 and the nanocomposites with
increasing temperature in through-thickness direction (Fig. 10a).
The contacts between GPLs, the defects within GPLs and the pres-
ence of the bended GPLs at the Al2O3 grain boundaries also limit
the thermal transport in the through-thickness direction [9]. In
the in-plane direction, the thermal conductivity of the GPLs/Al2O3
nanocomposites were slightly lower than that of the monolithic
Al2O3 at  room temperature; however, they showed an increasing
trend with GPLs content (Fig. 10b). At higher temperatures, these
values got closer to or even exceeded the thermal conductivity
values of the monolithic Al2O3 depending on the volume frac-
tion of GPLs, which could be attributed to a decrease in interfacial
thermal resistance at high temperatures. The thermal conductiv-
ity curves of the monolithic Al2O3 and the 15 vol.% GPLs/Al2O3
nanocomposite coincided at 100 ◦C,  and above that temperature
the thermal conductivity of the 15 vol.% GPLs/Al2O3 nanocompos-
ite got higher than that of the monolithic Al2O3 and the difference
between them increased with temperature (Fig. 10b). It is very
clear that GPLs form a  less resistive heat conduction path in the
in-plane direction as expected, since the in-plane (parallel to basal
plane) thermal conductivity of a graphene sheet is much higher
(over 100-fold) than that of graphite crystals along the c-axis (per-
pendicular to basal plane) [43]. This result is in agreement with
Miranzo et al. [9], who studied the thermal conduction of Si3N4
composites with different types of carbon nanostructures (CNTs
and GPLs) and investigated the effect of nanostructure orientation
with respect to heat flux, testing temperature and a/b Si3N4 phase
ratio. The authors reported that the addition of both CNTs and GPLs
reduced the thermal conductivity in the through-thickness direc-
tion, and they obtained a significant improvement in the in-plane
thermal conductivity for platelets addition up to 40 W m−1 K−1,
twice the thermal conductivity of the Si3N4 matrix [9]. Rutkowski
et al. [10] reported that they obtained orientated GPLs in  perpen-
dicular direction to pressing axis in hot pressed samples, while not
much anisotropy was achieved in composites prepared by SPS. This
could be related to the relatively low pressure (35 MPa) that they
applied during SPS process. Due to the lack of anisotropy, the ther-
mal conductivity in perpendicular direction to pressing axis was
lower than that of monolithic alumina and also lower than val-
ues measured in pressing direction (for the same GPLs amount)
for GPLs contents <10 wt% (∼16.8 vol.%). In the only study which
investigated both the in-plane and through thickness thermal con-
ductivity of CNTs containing ceramic nanocomposites, Zhan and
Mukherjee [37] observed that incorporation of single-wall CNT
ropes did not change the in-plane thermal diffusivity of the Al2O3,
while it decreased the thermal diffusivity in the through-thickness
direction.
Fig. 11a shows the in-plane thermal conductivity values of the
nanocomposites as a function of GPLs volume fraction at 600 ◦C.
From 3 vol.% GPLs, the thermal conductivity increased almost lin-
early with graphene content without showing any clear thermal
percolation threshold, in agreement with the observations of Shahil
and Balandin for the multilayer graphene-epoxy composite sys-
tems [44]. ∼44% increase in the in-plane thermal conductivity at
600 ◦C was achieved with 15 vol.% GPLs addition into the mono-
lithic Al2O3 (Fig. 11a). The difference between the thermal and the
electrical transport behaviors mainly arises from differences in con-
ductivity ratios of filler to matrix [39]. The effective conduction
path is  through the filler material in case of electrical conductiv-
ity; however, heat can also be  transmitted through the matrix [39],
indicating that thermal conductivity is a bulk property, while elec-
trical conductivity is  a  line property. The anisotropy between the
in-plane and through-thickness thermal conductivities increased
with GPLs amount. This anisotropy increase arises from decrement
Fig.  11.  (a) In-plane thermal  conductivity  of GPLs/Al2O3 nanocomposites at  600
◦C  as  a  function of graphene content (vol.%),  (b) in-plane  to through-thickness  thermal
conductivity  ratio  at 600 ◦C  for  the  GPLs/Al2O3 nanocomposites depending  on  the GPLs  content (vol.%).
of through-thickness thermal conductivity and improvement of in-
plane thermal conductivity simultaneously with increasing GPLs
content. The intrinsic anisotropy in thermal expansion coefficient
and thermal conductivity of graphene sheets [43] is expected to
be effective in the less resistive heat dissipation in the in-plane
direction. Fig. 11b shows the in-plane to through-thickness ther-
mal conductivity ratio (kin-plane/kthrough-thickness) at 600
◦C  for the
GPLs/Al2O3 nanocomposites depending on the GPLs content. ∼52%
increase in the kin-plane/kthrough-thickness ratio was observed for the
15 vol.% GPLs/Al2O3 nanocomposite in comparison to the mono-
lithic Al2O3 at 600
◦C (Fig. 11b). Similar kin-plane/kthrough-thickness
ratios were also observed for the room temperature thermal
conductivity values. Thermo-gravimetric analysis of the 15 vol.%
GPLs/Al2O3 nanocomposite was performed by heating it in air up
to 1000 ◦C with a heating rate of 10 ◦C/min in order to  investigate
its stability in air, and it was observed that the sample is stable up
to ∼700 ◦C.
The higher in-plane thermal conductivity can be beneficial for
dissipation of heat from one direction. The improvement in high
temperature thermal conductivity can be advantageous to mini-
mize heat accumulation in material during applications, such as
cutting tools, where the material is exposed to high loads at high
temperatures.
4. Conclusions
GPLs containing Al2O3 nanocomposites with anisotropic
mechanical, thermal and electrical properties due to preferential
orientation of GPLs throughout the matrix were prepared by SPS.
3 vol.% GPLs addition into monolithic Al2O3 resulted in an
increase in fracture toughness by ∼26.7% in the in-plane direction
and a decrease by ∼17.2% in through thickness direction depending
on the interface strength between GPLs and matrix grains. Pull-out
is the main toughening mechanism in the in-plane direction for this
nanocomposite. Further increase in GPLs content decreased the in-
plane fracture toughness due to weakening of the interface as  a
result of agglomeration/overlapping of GPLs, while increasing it in
the through-thickness direction as a  result of crack bridging and
crack deflection mechanisms. Crack branching appeared at high
GPLs loadings as a  dominant toughening mechanism, especially for
the 15 vol.% GPLs containing nanocomposite resulting in ∼10% and
∼33% increase in fracture toughness in through-thickness direction
compared to the monolithic Al2O3 and the 3 vol.% GPLs containing
Al2O3,  respectively. The toughening mechanisms observed in the
GPLs/Al2O3 nanocomposites depending on GPLs orientation and
GPLs content are summarized in Fig. 12.
Fig. 12. Summary of  the  suggested  toughening  mechanisms  in GPLs/Al2O3
nanocomposites  depending  on  GPLs  content.
The electrical conductivity of the nanocomposites exhibited a
slight anisotropy with a  lower resistivity in the in-plane direc-
tion. An electrical percolation threshold was observed at ∼7.1 and
∼7.5 vol.% GPLs contents for the in-plane and through-thickness
directions, respectively. The electrical conductivity values of the
15 vol.% GPLs containing Al2O3 nanocomposite are 20.1 and 9.1 S/m
in the in-plane and through-thickness directions, respectively,
which are sufficiently high for EDM process.
Oriented GPLs also led to a less resistive heat conduction
path in the in-plane direction. The thermal conductivity values of
nanocomposites in the in-plane direction got higher than that of
the monolithic Al2O3 at high temperatures (>100
◦C), especially
for high GPLs loadings. The anisotropy in thermal conductivity
increased with GPLs amount. ∼44% increase in the in-plane ther-
mal conductivity was achieved at 600 ◦C with 15 vol.% GPLs addition
into the monolithic Al2O3 and this resulted in ∼52% increase in the
kin-plane/kthrough-thickness ratio.
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